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Description
Technical Field

This invention relates generally to fiber amplifiers
and more particularly to erbium-doped fiber amplifi-

ers having improved operating characteristics.

Background of the Invention

There is considerable interest in using rare earth
doped fiber amplifiers to amplify weak optical signals
for both local and trunk optical communication net-
works. Rare earth doped optical amplifying fibers
have low cost, exhibit low-noise, provide relatively
large bandwidth which is not polarization dependent,
display substantially reduced crosstalk problems, and
present low insertion losses at the relevant operating
wavelengths used in optical communications. Con-
templated rare earth doped optical fiber amplifiers
can be coupled end-to-end to a transmission fiber
and transversely coupled, through a directional cou-
pler, to a laser diode pump. The directional coupler is
designed to have a high coupling ratio at the pump
wavelength and a low coupling ratio at the signal wa-
velength so that maximum pump energy is coupled to
the amplifier with minimal signal loss. When the am-
plifying medium is excited with a laser pump, signal
light traversing the amplifier will experience gain. The
pump energy can be made to propagate either co-di-
rectionally or contra-directionally relative to the signal
energy. The direction of propagation depends upon
whether any reining unconverted pump light can be
more conveniently filtered at the transmitter or the re-
ceiver.

Optical amplifiers are attractive alternatives to
opto-electronic regenerators in light wave communi-
cation systems. They can be used as linear repeaters
in long-distance fiber-optic links, as optical preampli-
fiersinreceivers, and as loss compensators in distrib-
uted optical networks. Proposed systems disclose
the use of erbium-doped optical fiber amplifiers for
amplifying high-speed optical data pulse signals in
one or two channels. However, when erbium-doped
optical fiber amplifiers are used in networking and
switching applications which involves at least two am-
plitude shift keyed or frequency shift keyed channels
that are selectively turned on and off, amplification of
the packets of the different channels can suffer slow,
undesirable gain fluctuations which result from satur-
ation effects in the optical fiber amplifier. Clearly, a
need exists for an erbium doped optical amplifier
which can provide constant gain of packets of differ-
ent channels which are selectively turned on and off.

Summary of the Invention

In this invention, as claimed in Claim 1, an optical
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fiber doped with a rare earth element and coupled to
be pumped with an exemplary laser is coupled to an
optical feedback loop. The feedback loop couples the
output signal of the fiber amplifier to the input of the
fiber amplifier. A narrow bandwidth filter coupled to
the feedback loop allows a selected wavelength of the
amplified spontaneous emission to pass from the out-
put of the fiber amplifier to the input of the fiber am-
plifier. The feedback signal has a wavelength which
is different from that of the pump signal and the wa-
velengths of the signals to be amplified. In operation,
when bursts of optical signals from at least two dis-
crete wavelength or frequency division multiplexed
channels are amplified in the fiber amplifier, the un-
desired fluctuations of gain of the output signals nor-
mally due to transient saturation of the erbium”doped
filter amplifier are substantially eliminated.

Brief Description of the Drawing

Fig. 1 is a schematic of structure in accordance
with the principles of the invention;

Fig. 2 illustrates a plot of the dc gain of a single
channel vs. signal input power with and without a
feedback loop signal;

Figs. 3, 4 and 5 illustrate three output spectra cor-
responding to different signal input powers with
the feedback loop signal being turned off and on;
Fig. 6 illustrates the eye pattern rate of the struc-
ture of Fig. 1 when there is no feedback;

Fig. 7 illustrates the eye pattern rate of the struc-
ture of Fig. 1 when there is feedback; and,

Fig. 8 illustrates a preferred embodiment of
structure in accordance with the principles of the
invention.

Detailed Description

Erbium-doped fiber amplifiers are now recog-
nized to be important in the field of 1.5 um optical fiber
communications. One of the key advantages of er-
bium-doped fiber amplifiers is their immunity to
crosstalk, which is due to their inherently slow gain
dynamics. It is this characteristic which makes them
suitable for use in multichannel wavelength division
multiplex (WDM) or frequency division multiplex
(FDM) fiber networks. In such applications, however,
occasional bursts of traffic, where all channels are
transmitting simultaneously, can result in gain fluctu-
ations due to transient saturation in the erbium-doped
fiber amplifier. This results in packet-to-packet data
interferences, whether amplitude shift keyed (ASK)
or frequency shift keyed (FSK) modulation format is
used.

One way to suppress low-frequency crosstalk
and to stabilize the gain of an erbium-doped fiber am-
plifier is to use a feed-forward automatic gain control
(AGC) loop. A feed-forward AGC loop acts on the
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pump source to increase the gain when a transient of
higher signal power is detected at the fiber amplifier
input port. Amain disadvantage of using pump power
control as a means of AGC is the large pump power
change required to compensate for the fluctuation of
gain. A second method is to compensate for any va-
riation of signal input by actively counter-modulating
the optical power of one of the input channels. Both
schemes require the detection of optical power with
an electronic circuit and the active modulation of an
optical source.

In this invention, a selected wavelength of the
amplified spontaneous emission (ASE) at the output
of the erbium doped fiber amplifier is fed back to the
input via an all-optical and all fiber path; and, there-
fore, the selected wavelength is reamplified. Thus,
ring-lasing occurs at the feedback wavelength and,
consequently, the gain in the amplifier is held at a
constant value. In operation, the gain of the various
channels being amplified by the optical amplifier are
maintained at this constant value independently of
their input power levels to eliminate slow channel to
channel interference.

Referring to Fig. 1, there is illustrated a feedback
scheme in accordance with the principles of the in-
vention. An erbium-doped fiber amplifier 10 is cou-
pled, at one end, via a fusion splice 12 to a wave-
length selective coupler 14 having input ports 16, 18
and an output port 20; and at the other end via a fu-
sion splice 22 to a 3dB coupler 24 having two input
ports 26, 28 and output ports 30, 32. The erbium dop-
ed fiber amplifier 10 can be pumped by a high power
laser diode at a wavelength of 1.48 um coupled
through input port 16 of wavelength selective coupler
14. Two 3dB couplers 34, 36 which are coupled in tan-
dem provide access for directing multiple input sig-
nals to the erbium doped fiber amplifier 10. Coupler
34 supports input ports 38, 40 and output ports 42,
44; and, coupler 36 supports input ports 46, 48 and
output ports 50, 52.

Input port 38 of coupler 34 is coupled to receive
a first input signal and input port 46 of coupler 36 is
coupled to receive a second input signal. Output port
50 of coupler 36 is connected to input port 40 of cou-
pler 34, and, output port 42 of coupler 34 is connected
to input port 18 of wavelength selective coupler 14.

The output port 32 of coupler 24 is coupled to the
input port 48 of coupler 36 to provide a feedback loop
54 which can include a beam expander 57 which can
comprise an attenuator 56 and an interference filter
58 to control the signal in the optical feedback loop.
Output port 30 of coupler 24 can be coupled to an opt-
ical transmission line for carrying the amplified opti-
cal signals to a remote location.

The uncoupled ports of the couplers, port 28 of
coupler 24; port 52 of coupler 36; and, port 44 of cou-
pler 34 can be immersed in oil to prevent undesired
reflections of optical signals.
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In operation, the amplified spontaneous emis-
sion from the output signal of the erbium-doped fiber
amplifier 10 is filtered to pass a selected frequency,
is then attenuated in the beam expander, and is then
fed back to the input of the erbium-doped fiber ampli-
fier where it is reamplified. Thus, the fiber amplifier
is connected in aring-laser configuration. Lasing con-
ditions are controlled by the wavelength of the feed-
back signal and the attenuation in the feedback loop.
In this invention, the signal gain at any wavelength is
independent of the input power of all of the optical
channels. When the total signal input power increas-
es, the power in the feedback loop automatically de-
creases to provide automatic compensation. Thus,
the gain of all signal channels are maintained at a con-
stant value provided that the round trip gain in the
feedback loop is above unity. The signal in the feed-
back loop is said to have a round trip gain which is
above unity when the magnitude of the feedback sig-
nal in the feedback loop is greater than the magnitude
of the signal initially fed to the fiber amplifier.

Referring to Fig. 1, the erbium doped fiber ampli-
fier is pumped by a high power laser diode at 1.48um.
Pump and signal are input to the amplifier through a
wavelength selective coupler. A wavelength selective
coupler at the input of the fiber amplifier is used to as-
sure optimum coupling of the signal and pump wave-
length to the fiber coupler. The signal at output port
32 of output coupler 24 is attenuated and filtered in
beam expander 57, multiplexed with two separate
signal channels via couplers 36, 34, and then applied
to the input of the erbium doped fiber amplifier 10 via
wavelength selective coupler 14. Interference filter
58 selects a wavelength of the amplified spontane-
ous emission signal from the output signal of the er-
bium doped fiber amplifier as the feedback signal. In
operation, it has been found that the gains of all of the
optical channels are maintained at a constant value
when the output and input of one channel are coupled
optically by the feedback loop provided the round trip
gain in the feedback loop is above unity. If desired,
the structure of Fig. 1 can be modified by having the
two input signals on a common line thus eliminating
coupler 36, substituting wavelength selective cou-
plers for the 3dB couplers 24 and 34 and eliminating
the beam expander 57. This embodiment is more fully
illustrated in Fig. 8.

Referring to Fig. 2, there is illustrated a plot of the
dc gain of a single channel vs. signal input power with
and without the feedback loop signal. The upper
curve is a plot of the signal gain vs. signal input power
with no feedback; and the lower curve is a plot of the
signal gain vs. signal input power with feedback.
Note, the feedback loop stabilizes the gain up to
about - 10dBm of signal input power. It is our under-
standing that, above this level the round trip gain of
the feedback signal is less than unity and that a fur-
ther increase of signal input cannot be compensated
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with a decrease of power of the feedback channel.
Clearly, the attenuation in the feedback channel can
be adjusted to stabilize the gain at any desired level.
Figs. 3, 4, and 5 illustrate plots of three different out-
put spectra for different levels of signal input power
with the feedback loop being turned on and off. From
these figures it can be seen that the disclosed gain
control is effective over a wide spectral range as evi-
denced by the substantially identical ASE curves for
different signal input powers when the feedback loop
is turned on. The transfer of power to the feedback
loop which occurs when the input power is reduced
can also be observed from these Figs.

To illustrate the operation of the invention, two
channels of approximately equal power are input to
the erbium-doped fiber amplifier. Referring to Fig. 1,
a first signal of 300Mb/s at a wavelength of A=1.52um
is applied to input port 38 of coupler 34; and a second
signal simulating the random power fluctuations in a
packet switching network having a wavelength of
A=1.54um and being turned on and off at a 100Mz
repetition rate is applied to input port 46 of coupler 36.
Fig. 6 illustrates the eye pattern with feedback ab-
sent; and, Fig. 7 illustrates the eye pattern with feed-
back. The eye pattern without the feedback (Fig. 6)
shows a large eye which corresponds to the high gain
mode when the second signal is not present; and a
small eye which corresponds to the low gain mode
when the second signal is present. Clearly, as is illu-
strated in Fig. 7, the feedback signal eliminates the
large eye.

Referring to Fig. 8, there is illustrated a preferred
embodiment of the invention. An erbium-doped fiber
amplifier 70 is coupled to an input wavelength selec-
tive coupler 72 having input ports 74, 76 and output
port 78; and, to an output wavelength selective cou-
pler 80 having input port 82 and output ports 84, 86.
A third wavelength selective coupler 90 having input
ports 92, 94 and output port 96 is coupled to pass at
least two division multiplexed channels received on
input port 92 to input port 76. An optical feedback loop
88 is coupled between output port 86 of coupler 80
and input port 76 of coupler 72 via input port 94 and
output port 96 of coupler 90. Output port 84 of coupler
80 can be connected to an optical fiber for transmit-
ting an optical signal from the fiber amplifier 70 to a
remotely located receiver. In this embodiment, it is to
be noted that the 3dB coupers of Fig. 1 have been re-
placed with wavelength selective couplers; and that
the interference filter of Fig. 1 is no longer required.

Claims

1. Afiber amplifier having
an optical fiber (10) doped with a rare
earth element,
a pump means coupled to pump said dop-
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ed optical fiber (10),

an input port (12) adapted to couple sig-
nals to said optical fiber (10) and

an output port (22) coupled to receive the
signal amplified by said doped optical fiber.

CHARACTERIZED BY

an all-optical feedback loop (54) inter-
posed between the output port of said doped opt-
ical fiber and the input port of said doped optical
fiber and

wavelength selective means (14) coupled
to said all-optical feedback loop to pass a select-
ed wavelength of the amplified spontaneous
emission to said input port.

2. The fiber amplifier of claim 1
wherein said wavelength selective means
(14) comprises an interference filter (58).

3. The fiber amplifier of claim 1
wherein said wavelength selective means
comprises an interference filter (58) and an at-
tenuator (56).

4. The fiber amplifier of claim 1
wherein said wavelength selective means
comprises a wavelength selective coupler (14).

5. The fiber amplifier of claim 1
further comprising a wavelength selective
coupler (14) for coupling signals from said pump
means, said feedback loop (54), and said input
port (12) to said doped optical fiber (10).

6. The fiber amplifier of claim 3 further comprising
a first 3dB coupler (24) adapted to couple said
optical feedback loop to the output of said doped
optical fiber (10).

7. The fiber amplifier of claim 6 further comprising
a wavelength selective coupler (14) for coupling
signals from said pump means and said feedback
loop (54) to said doped optical fiber (10).

Patentanspriiche

1. Faserverstarker mit

einer mit einem seltenerdmetalldotierten Glasfa-
ser (10),

einem zum Pumpen der besagten dotierten Glas-
faser (10) angekoppelten Pumpenmittel,

einem Eingangsanschluf® (12) zum Ankoppeln
von Signalen an die besagte Glasfaser (10) und
einem zum Empfangen des von der besagten do-
tierten Glasfaser verstarkten Signals angekop-
pelten Ausgangsanschluf} (22), gekennzeichnet
durch eine zwischen den Ausgangsanschlul’ der
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besagten dotierten Glasfaser und den Eingangs-
anschlu der besagten dotierten Glasfaser ein-
geschaltete volloptische Riickkopplungsschleife
(54) und an die besagte volloptische Riickkopp-
lungsschleife angekoppelte wellenldngenselekti-
ve Mittel (14) zum Weiterleiten einer ausgewahl-
ten Wellenldnge der verstérkten Spontanemissi-
on zum besagten Eingangsanschlul3.

2. Faserverstarker nach Anspruch 1, wobei die be-
sagten wellenlangenselektiven Mittel (14) ein In-
terferenzfilter (58) umfassen.

3. Faserverstarker nach Anspruch 1, wobei die be-
sagten wellenldngenselektiven Mittel ein Interfe-
renzfilter (58) und ein Da&mpfungsglied (56) um-
fassen.

4. Faserverstarker nach Anspruch 1, wobei die be-
sagten wellenldngenselektiven Mittel einen wel-
lenldngenselektiven Koppler (14) umfassen.

5. Faserverstarker nach Anspruch 1, weiterhin mit
einem wellenldngenselektiven Koppler (14) zum
Ankoppeln von Signalen von dem besagten Pum-
penmittel, der besagten Riickkopplungsschleife
(54) und dem besagten Eingangsanschluf® (12)
an die besagte dotierte Glasfaser (10).

6. Faserverstarker nach Anspruch 3, weiterhin mit
einem ersten 3-dB-Koppler (24) zum Ankoppeln
der besagten optischen Rickkopplungsschleife
an den Ausgang der besagten dotierten Glasfa-
ser (10).

7. Faserverstarker nach Anspruch 6, weiterhin mit
einem wellenldngenselektiven Koppler (14) zum
Ankoppeln von Signalen von dem besagten Pum-
penmittel und der besagten Riickkopplungs-
schleife (54) an die besagte dotierte Glasfaser
(10).

Revendications

1. Amplificateur a fibre comprenant:
- une fibre (10) optique dopée & un métal des
terres rares,
- un moyen de pompage couplé pour pomper
la fibre (10) optique dopée,
- un orifice d’entrée (12) congu pour trans-
mettre des signaux a la fibre (10) optique et
- un orifice de sortie (22) couplé pour rece-
voir le signal amplifié par la fibre optique
dopée
caractérisé par
une boucle (54) de rétroaction toute opti-
que intercalée entre l'orifice de sortie de la fibre
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optique dopée et l'orifice d’entrée de la fibre op-
tique et

des moyens (14) a sélection de longueur
d’onde couplés a la boucle de rétroaction toute
optique pour transmettre a l'orifice d’entrée une
longueur d’onde sélectionnée de [I'émission
spontanée amplifiée.

Amplificateur a fibre de la revendication 1, dans
lequel les moyens (14) a sélection de longueur
d’onde comprennent un filtre (58) d’interférence.

Amplificateur a fibre de la revendication 1, dans
lequel les moyens a sélection de longueur d’onde
comprennent un filtre (58) d’interférence etun at-
ténuateur (56).

Amplificateur a fibre de la revendication 1, dans
lequel les moyens a sélection de longueur d’onde
comprennent un coupleur (14) a sélection de lon-
gueur d'onde.

Amplificateur a fibre de la revendication 1,
comprenant en outre un coupleur (14) a sélection
de longueur d’'onde destiné a coupler des signaux
provenant du moyen de pompage, de la boucle
(54) de rétroaction et de l'orifice d’entrée (12) a
la fibre (10) optique dopée.

Amplificateur a fibre de la revendicatin 3,
comprenant en outre un premier coupleur (24) a
3dB congu pour coupler la boucle de rétroaction
al'orifice de sortie de lafibre (10) optique dopée.

Amplificateur a fibre de la revendication 6,
comprenant en outre un coupleur (14) a sélection
de longueur d’'onde destiné a coupler des signaux
provenant du moyen de pompage et de la boucle
(54) de rétroaction a la fibre (10) optique dopée.
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